Abstract We use seismic, tilt, lidar, thermal, and gravity data from 32 consecutive eruption cycles of Lone Star geyser in Yellowstone National Park to identify key subsurface processes throughout the geyser's eruption cycle. Previously, we described measurements and analyses associated with the geyser's erupting jet dynamics. Here we show that seismicity is dominated by hydrothermal tremor (~5-40 Hz) attributed to the nucleation and/or collapse of vapor bubbles. Water discharge during eruption preplay triggers high-amplitude tremor pulses from a back azimuth aligned with the geyser cone, but during the rest of the eruption cycle it is shifted to the east-northeast. Moreover,~4 min period ground surface displacements recur every 26 ± 8 min and are uncorrelated with the eruption cycle. Based on these observations, we conclude that (1) the dynamical behavior of the geyser is controlled by the thermo-mechanical coupling between the geyser conduit and a laterally offset reservoir periodically filled with a highly compressible two-phase mixture, (2) liquid and steam slugs periodically ascend into the shallow crust near the geyser system inducing detectable deformation, (3) eruptions occur when the pressure decrease associated with overflow from geyser conduit during preplay triggers an unstable feedback between vapor generation (cavitation) and mass discharge, and (4) flow choking at a constriction in the conduit arrests the runaway process and increases the saturated vapor pressure in the reservoir by a factor of~10 during eruptions.
Introduction
Geysers, defined as features that episodically erupt liquid and gas, have intrigued scientists for more than a century [Mackenzie, 1811; Bunsen, 1847; Le Conte, 1878] . They provide an excellent opportunity to make geophysical observations because eruption times of some geysers are predictable allowing for optimal instrument setup, and a dense network of instruments can be deployed without safety risks.
Geysers display a great variability in the style, vigor, and duration of their eruptions, with eruption intervals that range from periodic to chaotic [Rojstaczer et al., 2003; Hurwitz et al., 2008 . Periodic geysers are of special interest because their regularity allows them to be used as natural laboratories for studying the nonlinear feedbacks that control the dynamic behavior of multiphase fluids in eruptive systems.
Geophysical surveys of geysers have the potential to address some of these outstanding questions by imaging subsurface processes over large numbers of eruption cycles. Seismic data acquired in the early 1990s demonstrated that Old Faithful geyser in Yellowstone National Park generates hydrothermal tremor that results from collapse of steam bubbles [Kedar et al., 1996 ]. More recently, the application of ambient noise processing techniques to this data set revealed a previously unknown lateral cavity that appears to exert a major influence on the geyser's eruptions [Cros et al., 2011; Vandemeulebrouck et al., 2013] . At Old Faithful Geyser of Calistoga, California, tilt measurements have revealed that ground surface deformation around the geyser is in phase with the eruptions [Rudolph et al., 2012] . The results of these studies demonstrate how seismic and geodetic measurements can be used to constrain the geometry of the subsurface reservoir and conduit, relate bubble cavitation rates to the eruption cycle, and relate subsurface fluid pressure variations to displacements of the ground surface. Geophysical data sets thus offer insight into spatial and temporal subsurface dynamics that complement downhole measurements of pressure and temperature [e.g., Birch and Kennedy, 1972; Hutchinson et al., 1997; Kedar et al., 1998 ], visual imaging of conduits [e.g., Hutchinson et al., 1997; Belousov et al., 2013] , and measurements of eruption duration and timing [e.g., Rojstaczer et al., 2003; Hurwitz et al., 2008 Hurwitz et al., , 2012 .
Here we present continuous seismic, deformation (tilt and LiDAR), thermal infrared, and gravity measurements from a 4 day experiment carried out at Lone Star geyser, located 5 km south-southeast of Old Faithful in Upper Geyser Basin (Figure 1 ), in Yellowstone National Park in September 2010 ( Figure 1 and photos in the supporting information), and integrate the results to constrain the key subsurface processes that control the geyser's dynamic behavior. In the Part 1 companion paper [Karlstrom et al., 2013] , we described measurements and analyses associated with the dynamics of Lone Star geyser's erupting jet. The major observations summarized in that paper are (1) the eruption cycle consists of four distinct phases (eruption, relaxation, quiescence, and preplay) with an average interval of 3:00 h ±0:16 min over 32 consecutive observed eruptions, (2) jet velocities of the eruption fountain range between 16 and 28 m/s with unsteady flow oscillations and intermittent choking at a subsurface nozzle resulting in supersonic flow, (3) the preplay period leading to the eruption is characterized by a series of 5-10 min long steam puffs, (4) the geyser is fed with water that ascends from a deep reservoir with a temperature of 160-170°C, (5) the water volume discharged during an eruptive cycle is 20.8 ± 4.1 m 3 , and (6) the total heat output from the geyser is 1.4-1.5 MW. This second paper builds on those results, as well as previous work at Old Faithful geyser [Rinehart, 1965; Nicholls and Rinehart, 1967; Kieffer, 1984; Hutchinson et al., 1997; Kedar et al., 1996 Kedar et al., , 1998 Vandemeulebrouck et al., 2013] , to provide new insight into the dynamic behavior of periodic geysers.
Experimental Methods
We acquired contemporaneous, multisensor data from five sites positioned at a variety of azimuths and distances (5-50 m) from the Lone Star geyser cone from 20 to 24 September 2010 (Figure 1b ). Infrared and tilt data were acquired at all five sites, gravity data were acquired at two sites, and broadband seismic and acoustic data were acquired at one site. Light Detection And Ranging (LiDAR) scanners were used to generate a detailed digital elevation map of the geyser sinter cone and surrounding features and to attempt to measure ground surface displacements by differencing sequential LiDAR-derived images. We provide a detailed description of the instrumentation in Text S1 in the supporting information. High-speed video, forward looking infrared video, and stream discharge data acquired during the experiment have been described previously [Karlstrom et al., 2013] .
Observations and Results
Here we report results from the seismic, tilt, and thermal measurements. The LiDAR and gravity data are reported in Text S2 in the supporting information because they ultimately did not provide constraints on the geyser's dynamical behavior. Possible ways of modifying the methods employed to acquire the LiDAR and gravity data so as to provide constraints on geyser processes are discussed in section 4.5 and in the supporting information. signals with a period of~120 s (Figure 7 ). The hydrothermal tremor signals are similar in character to those observed at Old Faithful geyser [e.g., Kedar et al., 1998 ], whereas the ULPs represent a new signal that has not been previously observed in geyser fields. 3.1.1. Hydrothermal Tremor Seismic energy in the 1-40 Hz band exhibits a tremor-like character with distinct spectral peaks, most prominently at 5-8 Hz and 15-25 Hz (Figure 2a) . Following the nomenclature established by Kedar et al. [1996 Kedar et al. [ , 1998 ], we refer to these signals as "hydrothermal tremor." Hydrothermal tremor at Lone Star exhibits LiDAR-derived topography of study area. Key features identified on map include: instrument locations as white symbols (T = platform tiltmeter, IR = infrared camera, GR = gravimeter, BB = broadband seismometer, and MIC = microphone), thermal pools are shown as red circles, outline of sinter terrace as dashed white line, ULP source migration model as black line starting at (1) and ending at (2). Rose diagram of hydrothermal tremor back azimuths are shown as magenta vectors originating from BB01 (bin sizes plotted on log scale for scaling). The inferred approximate location of the bubble trap, based on the intersection of tremor back azimuths with the local thermal pool trend, is shown as a dashed, red circle. The Firehole River and the locations of Tilt05 and Infra-red05 are to the south beyond the range of the LiDAR data. systematic relationships with the four stages of the eruption cycle described in Karlstrom et al. [2013] , with remarkably consistent characteristics across all eruption cycles during our observation period (Figure 3 ). Tremor levels peak at the start of each eruption and then drop to more moderate levels for the duration of the eruptive stage. Immediately following each eruption, tremor levels begin to rise gradually after, with two distinct rise/fall episodes during the relaxation phase (P1 and P2 in Figure 3 ). Tremor levels are low during the recharge phase and then exhibit sharp peaks corresponding to each of the preplay pulses leading up to the eruption.
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Because we used only a single seismometer, we use the polarity of particle motions observed at the sensor to constrain the azimuth of the source(s) relative to the seismic station [e.g., Falanga and Petrosino, 2012] . We estimate the polarization direction of incoming tremor signals at the seismometer for both the 5-8 Hz and 15-25 Hz frequency bands by diagonalizing the covariance matrix of the three orthogonal velocity components [Montalbetti and Kanasevich, 1970] for 12 s time windows over the course of an eruption cycle. We estimate the back azimuth and vertical (dip) angle relative to the seismometer from the eigenvectors and eigenvalues of the diagonalized covariance matrice, along with the rectilinearity (Figure 1 ), (b) horizontal azimuth (degrees), the azimuth of the geyser vent is 270°. (c) dip angle (degrees), (d) rectilinearity parameter indicating the quality of the particle motion analysis, and (e) normalized RMS amplitude of the horizontal seismic velocity (EW component) for the two frequency bands. Note the large amplitude increase during the preplay episodes and the lack of seismic energy released during the eruption in the 5-8 Hz band. [Karlstrom et al., 2013] . Each horizontal trace represents the high-pass filtered (20 Hz) tremor amplitude for one eruption interval (14 total eruptions shown). Time = 0 marks the start of each eruption. Dashed vertical lines indicate the limits of the different stages; preplay stage is shaded in light gray, and the eruption in dark gray. Tremor levels exhibit two broad peaks, P1 and P2 about 35 and 55 min after the eruption, respectively.
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parameter, R = 1 À (λ 2 +λ 3 )/2λ 1 , where λ 1 > λ 2 > λ 3 are the eigenvalues (Figure 4 ). Rectilinearity is a measure of the degree of linear polarization, with R = 0 for random data and R = 1 for perfectly polarized arrivals.
As with the tremor amplitude, we found systematic relationships between the tremor polarization angle and the phases of the eruption cycle. While the vertical polarization angle does not change much during the eruption cycle (nearly constant at~25°dip), we observe systematic variations in the back azimuth parameter, indicating lateral changes in the tremor source location. During most of the eruption cycle the tremor source is located to the N-NW of the broadband station at a back azimuth of~320°N for the 5-8 Hz band and~335 N°for the 15-25 Hz band (Figure 4b ). However, during periods when fluids are being discharged from the geyser cone (i.e., preplay and eruption) the back azimuth to the source changes to~270°N for the 5-8 Hz band and to~320°N for the 15-25 Hz band. When the lateral migration of the tremor source during preplay and eruption is examined in detail, we find that the location of the 5-8 Hz source is located at the geyser cone back azimuth when the amplitude initially peaks at the beginning of each pulse, remains at this location for 2 min, and then gradually migrates back to the steady 320°N back azimuth as the amplitude decreases back to background values (Figures 4 and 5) . We also find that the 15-25 Hz signal exhibits smaller and more gradual horizontal back azimuth changes of 10-15°during the rise/fall episodes observed during the relaxation phase (P1 and P2 in Figure 3 ). This is the only part of the eruption cycle when potentially significant changes in the vertical polarization angle are observed, with the dip angle decreasing by~10°(i.e., shallowing) relative to background values when the tremor amplitude is highest during the P1 rise/fall episode. Overall, signal rectilinearity is high (>0.8) during most of the eruption cycle, indicating that the tremor signal observed at the seismometer has a welldefined polarization angle.
Finally, there is a time delay between the start of each preplay pulse as indicated by the infrared signal and the corresponding rise in tremor levels (~tenfold amplitude increase over a frequency range of 1-40 Hz for 3-5 min) that systematically decreases leading up to each eruption (Figure 6 ), at which point the delay effectively becomes zero. The evolution of this time delay leading up to each eruption can be fit (using least squares methods) with an exponential function with a time constant of~23.4 min. This systematically decreasing delay time between fluid discharge and tremor onset during the preplay phase has not previously been described for other geysers, and we consider the thermodynamic implications in the Discussion (section 4.1).
Ultralong Period Seismic Signals
We observe regular occurrences of self-similar, long-duration (~4 min) signals on the horizontal components of the broadband seismometer (Figure 7 ). These signals have not been previously reported for geyser systems, and while they bear some similarities to very long period (VLP) signals observed at some volcanic systems [e.g., Chouet et al., 2003; Sanderson et al., 2010; Kazahaya et al., 2011; Lyons and Waite, 2011] their duration is much longer (~240 s compared to~100 s for VLPs) such that we refer to them as Ultralong Period (ULP) events [e.g., Kanamori and Given, 1982; Sanderson et al., 2010] , though the source processes that produce these signals may differ from those that produce volcanic VLP and ULP events. The average ULP Figure 5 . Relationship between tremor RMS amplitude and back azimuth during the eruptive cycle presented on Figure 4 . Black crosses correspond to tremor observed during the quiescence/recharge and preplay stages, excluding the high-amplitude preplay pulses. Grey circles correspond to tremor observed during the posteruption stage (P2 in Figure 3 ). These time windows of low-amplitude tremor constitute the majority of the eruptive cycle. Blue and red lines represent the evolution in tremor back azimuth and amplitude observed during a preplay pulse and at the beginning of the eruption, respectively. The arrows indicate the direction of the temporal evolution. Note that high-amplitude seismic tremor is only observed at back azimuths aligned with the geyser vent. 
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recurrence period during the first 2 days of the experiment was 26 ± 8 min and then the recurrence time and variability increased slightly ( Figure S3 .2 in the supporting information). Because the signals were not observed on the vertical seismometer component, we infer that the ULP signals were generated by ground surface tilt (rotation) rather than horizontal displacements (translation). We extract the corresponding tilt vector from the acceleration signals recorded on the horizontal mass positions of the seismometer by dividing the instrument acceleration by the gravity acceleration g [Genco and Ripepe, 2010; Sanderson et al., 2010; Maeda and Takeo, 2011; Lyons et al., 2012; Waite et al., 2013] . All the observed ULP tilt signals are nearly identical with amplitudes of~1 μrad in the E-W direction and 0.3 μrad in the N-S direction, and durations of~4 min ( Figure 8a ). The ULP tilt signals were also observed in records from platform tiltmeter station T01 (located 2 m from the broadband seismometer, Figure 1b ), although the data are much noisier and only with stacked waveforms the signals can be resolved. Stacked ULP records from tiltmeter station T01 exhibit changes of 0.12 μrad in the E-W direction and 0.05 μrad in the N-S direction. Although smaller in amplitude, the synchronous tilt records on the platform tiltmeter provide additional evidence that the ULP signals are produced by ground surface rotation rather than horizontal displacement. ULP signals could not be resolved on any of the other platform tiltmeters.
The ULP signals occur randomly with respect to the eruption cycle, and thus appear to be decoupled, at least to first order, from the dynamical behavior of the geyser. Stacks of hydrothermal tremor RMS levels during the ULP cycles suggest that these events may affect tremor amplitude by~20% (Figure 7b ), but we have not been able to identify any relationships between the ULPs and infrared, gravity, and microphone data. The ULPs are thus somewhat enigmatic, and we consider their possible relationship to the geyser system in the Discussion (section 4.2).
Tilt Transients
Data records from the platform tiltmeters are noisy and exhibit large amplitude variability, and we were unable to extract a spatially or temporally coherent signal related to the eruption cycle. We thus do not use these records in a general sense to constrain the amplitude and location of subsurface pressure changes during the eruption cycle. However, tiltmeter station T03 on the north side of the geyser cone ( Figure 1b ) exhibits a systematic temporal pattern during the first preplay pulse of each eruption cycle ( Figure 9 ) that is 
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well correlated with the infrared signal generated by fluid discharge from the vent. The tilt data are best fit by an exponential curve with a time constant of 9 min. After rising, the tilt and infrared signals suddenly drop to their initial values, at which point the hydrothermal tremor RMS amplitude increases by a factor~20 for 3-4 min.
As described previously, we can use the acceleration signals of the broadband seismometer mass positions recorded at 4 Hz sampling rate to detect tilt patterns. After removing the large diurnal effects with a high-pass filter we find that the horizontal component spectra exhibit a clear peak at~3 h (~8 cpd), corresponding to the length of the eruption cycle ( Figure S3 .3 in the supporting information). However, the tilt amplitude and azimuth vary considerably between eruption cycles, likely due to the poor coupling of the sensor with the ground surface and poroelastic and thermoelastic effects in the siliceous sinter layer underlying the sensor. Nevertheless, when we stack records from multiple eruption cycles a fairly consistent pattern can be discerned on the N-S component (Figure 10 ). The average tilt pattern is essentially stable during the recharge and preplay phases of the eruption cycle, and then drops rapidly during an eruption, before gradually recovering during the relaxation phase. This pattern has the form A(1 À exp(t/τ)), where A is the tilt amplitude (μrad), t is time (s), and τ is a time constant (s) (Figure 10 ). A similar tilt pattern was also observed in conduit pressure records, seismicity rate, and hypocentral depth at Old Faithful geyser in Yellowstone Vandemeulebrouck et al., 2013] , and in tilt patterns at Old Faithful geyser in Calistoga, California [Rudolph et al., 2012] and Onikobe geyser in Japan [Nishimura et al., 2006] . This pattern is thought to reflect the gradual filling of the geyser reservoir and conduit during the eruption cycle [Steinberg et al., 1981; Kedar et al., 1998 ]. 
Discussion
The geophysical data we have acquired provide new insight into the dynamical behavior of periodic geysers. We begin by discussing the potential tremor-generating mechanisms and describe how the tremor amplitude and the timing of the preplay pulses can be used to constrain thermodynamic conditions in the geyser system. We then develop a model for the ULP signals observed on the broadband seismometer and discuss their relationship to the geyser system. We conclude by discussing the role of trapped, pressurized vapor on the dynamic behavior of the system, and how thermomechanical feedback between the various system components controls many aspects of the system dynamics.
4.1. Hydrothermal Tremor 4.1.1. Source Mechanisms Analysis of seismic signals recorded on the broadband station gives evidence of a permanent hydrothermal tremor at Lone Star, whose level varies during the eruptive cycle, with a spectacular increase during the preplay and eruptive stages. Hydrothermal tremor in geysers is generated by impulsive pressure signals associated with collapsing vapor bubbles ]. Bubble "collapse" refers to the momentary large pressures generated when the bubble contents are highly compressed, which occurs both when bubbles are destroyed and when they are nucleated (owing to the rebound that follows overexpansion during nucleation). Seismic energy is generated when the impulsive pressure perturbation in the liquid couples into the elastic matrix surrounding the fluid [Thiéry and Mercury, 2009] , and these impulsive events are superposed to create a tremor-like effect when rates are high [e.g., Kieffer, 1984; Kedar et al., 1996 Kedar et al., , 1998 ].
Tremor-generating bubble collapse in a geyser system can occur in three different scenarios: (1) bubble nucleation, (2) bubble collapse at an interface, and (3) vapor condensation in a subcooled liquid. We review each of these three scenarios in the context of the data we acquired at Lone Star geyser.
Vapor bubbles can nucleate in a liquid when its pressure decreases below the saturated vapor pressure (termed "cavitation") or when temperature increases above the saturation temperature (termed "boiling").
In both cases the void space required to form a vapor bubble is created by rupturing the liquid, which generates an impulsive pressure signal [e.g., Brennen, 1995] . Bubble nucleation is therefore a plausible mechanism for hydrothermal tremor. Cavitation (nucleation via decrease in pressure) is of special interest in a geyser because system-wide pressures can drop nearly instantaneously when mass is discharged from the system, and localized pressure drops can also occur during periods of flow (e.g., Bernoulli effect and turbulence). In contrast, thermal signals diffuse relatively slowly through the system since the thermal inertia of water is high and the walls of the geyser cavities/conduits act as sinks that continually remove heat from the system via conduction. According to these two different timescales, we attribute the sharp rise in tremor level observed at Lone Star during the preplay pulses (Figures 4e and 5) as the result of a sudden pressure decrease rather than a slow temperature increase. The intensity of the acoustic emissions during cavitation, and thus the tremor amplitude, is largely controlled by the nucleation rate [Morozov, 1969] . The total pressure field can be viewed as a superposition of the perturbations caused by individual nucleation events unless the bubble population densities are very high [Baiter et al., 1982] . The nucleation rate is controlled by the magnitude of the pressure drop, Δp, relative to the saturated vapor pressure (i.e., Δp = p ∞ À p sat (T ∞ ), where p ∞ is the ambient fluid pressure, and p sat (T ∞ ) is the vapor saturation pressure at the ambient fluid temperature). This relationship allows us to use tremor amplitude as a first-order proxy for the difference between ambient and saturated vapor pressures in cases where nucleation occurs by cavitation.
The second and third scenarios listed above (collapse at a free surface and collapse due to condensation) represent the two possible fates of vapor entering the geyser system. As we shall discuss below, our model for the Lone Star plumbing system includes a bubble trap that is laterally offset from the eruption conduit such that a vapor bubble rising into the system cannot escape to the atmosphere but instead will be trapped in a subsurface cavity [Mackenzie, 1811; Belousov et al., 2013] . In general, the bubble trap will be filled with time-varying proportions of liquid water and vapor separated by a free surface. There are two possible fates for a rising vapor bubble: (1) the bubble may rise through the subcooled liquid and collapse/burst at the free surface formed by the water/vapor interface and subsequently accumulate in a pocket under the roof of the cavity, or (2) a vapor bubble may condense upon encountering subcooled liquids. Collapse of a vapor bubble at a free surface generates impulsive pressure perturbations [Blake and Gibson, 1981; Blake et al., 1987] , including reentrant jets (that are responsible, for example, for the splashing often observed in thermal pools and pots of boiling water), and is thus a plausible tremor source mechanism.
Journal of Geophysical Research: Solid Earth
10.1002/2014JB011526
In the second case, the dynamical behavior of a vapor bubble collapsing in a subcooled liquid is largely controlled by the degree of subcooling [e.g., Chen and Mayinger, 1992] . If the degree of subcooling is high, then the collapse rate is controlled by the liquid inertia (i.e., inertial mode oscillations), which results in a rapid/violent collapse that can generate impulsive pressure perturbations. Alternatively, if the degree of subcooling is low, then the collapse rate is controlled by heat flux across the bubble wall (i.e, thermal mode oscillations), which results in a slow and gentle collapse that will not generate tremor. The relative importance of inertial versus thermal mode dynamics in this kind of scenario is represented by the dimensionless parameter, B, defined by
where κ TL is the thermal diffusivity of the liquid, R 0 is the bubble radius, ρ L is the liquid density, p ∞ is the ambient fluid pressure, p sat (T ∞ ) is the vapor saturation pressure at the ambient fluid temperature, and Ja is the dimensionless Jacob number representing the degree of subcooling of the liquid [Florschuetz and Chao, 1965] . Ja is given by
where c pL is the specific heat of the liquid, ρ v is the vapor density, h fg is the latent heat of evaporation, T sat (p ∞ ) is the vapor saturation temperature at the ambient fluid pressure, and T ∞ is the ambient fluid temperature. Theoretical and experimental results have shown that inertial mode oscillations occur for values of B ≥ 0.3, thermal mode oscillations occur for B ≤ 0.03, and transitional behaviors are observed for intermediate values [Florschuetz and Chao, 1965] . When thermodynamic parameters appropriate for vapor condensation at Lone Star are substituted into these equations (see Appendix A), we find that collapse of a condensing vapor bubble is expected to occur in the thermal mode, and that vapor condensation is thus unlikely to generate hydrothermal tremor.
The tremor frequencies that we observed fall in the range 1 ≤ f ≤ 40 Hz, with distinct peaks at 5-8 Hz and 15-25 Hz. An idealized model relating the frequency content of seismic energy radiated by a collapsing bubble to bubble size [Rayleigh, 1917] yields bubble sizes of~0.5 m for the tremor frequency range of 20 Hz observed both at Lone Star and Old Faithful, which is unrealistically large (e.g., larger than the eruption conduit dimensions) ]. Some sort of damping mechanism must be added to the idealized Rayleigh model to reduce the oscillation frequency to the values observed both at Lone Star and Old Faithful. Ichihara and Nishimura [2009] proposed that damping from mass exchange between the liquid and the bubble via evaporation/condensation (i.e., phase changes) at the bubble wall may explain the frequency mismatch between observations and theory, but this issue has not yet been resolved. In addition, bubble-bubble interactions in a bubble cloud can also exert a significant influence on oscillation frequencies [e.g., Yoon et al., 1991] .
Tremor Source Migration
Particle motion polarization based on a single seismometer reveals that during most of the eruption cycle the tremor source is located at back azimuths of 320-330°N (Figure 1b) , i.e., not beneath the geyser cone. However, during preplay pulsing and at the beginning of each eruption (i.e., when fluids are being discharged from the cone), the tremor source location is likely located within the eruption conduit. At the end of the discharge periods, the tremor source location gradually migrates back to the original source region over a period of~2 min (Figures 4 and 5) . This is consistent with the superposition of tremor signals from two discrete source locations. First, a steady, low-amplitude source at the 320°N back azimuth and second, a transient, high-amplitude source close to the 270°N back azimuth. Alternatively, there could be a single source region that jumps to the 270°N back azimuth and then gradually migrates back to 320°N. Regardless of the cause of the apparent migration, it is clear that the geyser plumbing system is not localized directly beneath the exit vent/cone. There is a region to the NW of the geyser cone that generates steady levels of tremor, and this is a key piece of evidence informing the subsurface geometry of the geyser's conduit system. These lateral migrations of the tremor source during preplay and eruption are similar to observations and inferences from Old Faithful geyser , supporting the concept of a reservoir or bubble trap that is laterally offset from the geyser cone. Such plumbing system Belousov et al., 2013] where fluids enter the system through a subsurface cavity and exit through an eruption conduit that is laterally offset from the bubble trap (Figure 13a ).
The steady, low-amplitude tremor observed from the 320-330°N back azimuths is most consistent with the collapse of incoming vapor bubbles at the liquid/gas interface in a laterally offset bubble trap. The other possible mechanism, bubble nucleation, is difficult to reconcile with the fact that ambient fluid pressures in the system are probably increasing (from fluid input) during these periods of steady tremor. Thus, we hypothesize that there is a steady tremor source in a laterally offset bubble trap during essentially the entire eruption cycle as incoming vapor bubbles collapse at the liquid/gas interface and accumulate under the roof of the subsurface cavity.
The stepwise shift of the tremor source back azimuth during preplay pulse and eruption (Figures 4 and 5) is accompanied by a~20 times increase in amplitude, indicating the occurrence of an energetic acoustic emission during periods when fluids are discharged from the geyser system. Mass discharge reduces ambient fluid pressure, such that these high-amplitude tremor pulses can be explained by cavitation (bubble nucleation from a pressure drop) in the eruption conduit. This process, however, does not shut off the input of vapor to the bubble trap, such that high-amplitude cavitation tremor from the eruption conduit is superimposed on the steady, lower amplitude tremor from the bubble trap. The polarization angle of the superimposed signals thus depends on the relative amplitude of the two sources, and we can see in Figure 4 that the rectilinearity parameter decreases during the preplay pulses and eruption, consistent with this hypothesis. At the end of these pulses, the tremor back azimuth slowly migrates back to the original position, which we interpret as a gradual reduction to zero of the tremor amplitude in the eruption conduit. This gradual, lateral migration is difficult to explain with a single, migrating source because the pressure perturbations triggering cavitation propagate nearly instantaneously (i.e., sound speed in the medium) through the system, which is inconsistent with the gradual shift in polarization angle.
Time Delay in the Onset of Tremor
During preplay pulsing there is a time delay between the discharge of fluids from the geyser cone (as inferred from the infrared signal) and the onset of hydrothermal tremor that systematically decreases in a roughly exponential fashion (with a time constant of~23 min) leading up to eruption ( Figure 5 ). As described in section 4.1.1, the susceptibility to cavitation is primarily a function of the difference between the ambient (reservoir) pressure and the vapor pressure at the reservoir temperature (i.e., Δp = p ∞ À p v (T ∞ )), such that the pressure drop required to trigger cavitation in a subcooled liquid decreases as the temperature, and thus the vapor pressure, increases. This suggests that the decreasing time delay between the infrared and tremor signals results from a systematic increase in eruption conduit fluid temperature leading up to an eruption, which in turn systematically decreases the volume of fluid that must be removed from the system before triggering cavitation during discharge events. In this sense we may consider the preplay pulses to represent failed eruptions. Fluids pulse out of the system once the conduits are full, but eruptions only begin once the eruption conduit fluids are hot enough (at or near the boiling temperature) to immediately cavitate upon the removal of an incremental load. The systematic increase in fluid temperature is likely due to the release of latent heat from condensation of steam bubbles entering the conduit system.
ULP Seismic Signals
The ULP signals we observed, with recurrence intervals ranging from 8 to 53 min and a mean value of 26 min, represent a previously unknown type of deformation associated with the geysering process. Whereas the 32 geyser eruption intervals observed during the experiment were nearly uniform (3:00 h ± 0:16 min), the 199 ULP events we recorded occurred randomly throughout the eruption cycle and did not appear to affect the dynamical behavior of the geyser except to incrementally suppress the amplitude of hydrothermal tremor (Figure 8 ).
We hypothesize that the ULPs are generated by the slow ascent of vapor slugs [e.g., James et al., 2004 James et al., , 2006 Balmforth et al., 2005; Rust et al., 2008] beneath the sinter cone. This model is conceptually different from models for VLP and ULP signals at volcanoes that are typically attributed to spatially fixed, time-varying seismic sources [e.g., Ohminato et al., 1998; Chouet et al., 2003 Chouet et al., , 2005 Ohminato, 2006; Lyons and Waite, 2011; Maeda et al., 2013; Chouet, 2013] . In our conceptual model (Figure 11) , a bubble or slug of steam travels through an inclined conduit, and we model the slug as a pressure disturbance that propagates along a fixed trajectory. We illustrate two possible perturbations to the reference pressure state (black line in Figure 11 ), which is assumed to be hydrostatic. Owing to the low density of the gas or steam relative to liquid water, we treat the bubble as isobaric. If we assume that far away from the bubble, pressure returns to hydrostatic values, the pressure perturbation is expected to resemble the green curve in Figure 11 . We approximate this pressure disturbance as a pair of point pressure sources [Mogi, 1958] with fixed separation and opposite sign. We assume that the propagation trajectory is a straight line characterized by an azimuth, α (°), plunge, θ (°), and propagation velocity, v (m · sec À1 ), with constant strength s = a 3 ΔP/G where a (m) is source radius, ΔP (Pa) the pressure change, and G (Pa) is the elastic shear modulus. We assume that the source trajectory passes through the origin of a model coordinate system and treat the x-y position of the observer (T01 in Figure 1b) as an unknown.
To find an optimal set of the eight free parameters, we employed a hybrid global optimization procedure combining simulated annealing with a direct global optimization procedure (pattern search) to minimize the misfit in the L2-norm between the observed and modeled tilt vectors. The global optimization procedure was repeated several hundred times with random initial guesses.
We list the parameters that define the optimal model in the supporting information (Table S4 .1) and show the observed versus the best fitting model tilt in Figure 12 . The horizontal trajectory of the best fitting model is shown in Figure 1b . The sensitivity of the residual to each source parameter in the region near the optimal solution is shown in Figure S3 .6 in the supporting information. In general, the residual is more sensitive to changes in depth, x position of the propagation path, and velocity, and less sensitive to similar fractional changes in plunge, strength, y position of the propagation path, and separation of the positive and negative pressure anomalies. We note that the y position of the source is essentially unconstrained by the inversion, which means that the N-S position of the trajectory in Figure 1b is somewhat arbitrary. For simplicity, we have aligned the trajectory with the geyser cone, but this is not required to fit the data. The propagation path is very slightly upward (0.15°), qualitatively consistent with the very slow propagation velocity of 0.2 m · s À1 .
Spatially fixed seismic sources require more free parameters (six moment tensor components and three force components), each of which is allowed to vary in time. In comparison, our model has only eight free parameters Table S1 in the supporting information. The sensitivity of misfit to observed ULP tilt signal for all parameters considered in the tilt source model is presented in Figure S3 .6 in the supporting information. and these do not vary in time. Because the amplitude of the ULP tilt signal is quite large (~1 μrad), a conceptual model involving modest pressure changes (smaller than hydrostatic pressure) must place these pressure changes at relatively shallow depths (no more than a few tens of meters).
Although volcanic VLP and ULP events can sometimes be linked to gas emission at the vent [Kazahaya et al., 2011; Patrick et al., 2011; Waite et al., 2013] , we found no evidence for increased temperature (measured with infrared video) at the vent coincident with the ULP signals. Because the ULPs did not appear to affect the dynamical behavior of the geyser, except to incrementally suppress the amplitude of hydrothermal tremor, their relationship to the geyser system is not obvious.
Flow Oscillations
As described in Karlstrom et al. [2013] , Lone Star geyser exhibits dynamic flow oscillations during the preplay stage leading up to an eruption, during an eruption, and during the relaxation stage after an eruption. Specifically (1) during eruption the flow velocity oscillates at a period of~20 s, (2) during relaxation the fluid level in the eruption conduit oscillates at a smoothly varying period of~30-40 s, and (3) during preplay the fluid level in the eruption conduit oscillates at a smoothly varying period of~50-70 s. Oscillations with similar periods have been observed at Old Faithful Geyser with a video camera lowered into the conduit [Hutchinson et al., 1997] and at the location of hydrothermal tremor sources . This dynamical behavior is consistent with hydraulic loading of a pressurized two-phase (liquid/vapor) mixture, as we describe below.
Thermal water sourcing the Upper Geyser Basin ascends adiabatically from an overpressured reservoir at 160-210°C [White et al., 1975; Fournier, 1989; Hurwitz et al., 2012; Hurwitz and Lowenstern, 2014] . At Lone Star, ascent and decompression nominally produces~12 wt % vapor at the ground surface pressures [Karlstrom et al., 2013] such that mass flux into the system occurs as a mixture of vapor and liquid entering the bubble trap.
The bubble trap provides storage for thermodynamic and mechanical energy in the form of pressurized vapor, which is primarily released during eruption, but also during relaxation and preplay. As described in section 4.1, vapor entering the bubble trap may condense or ascend through the liquid volume, collapse at the liquid/vapor interface, and then enter a vapor pocket beneath the cavity roof. It seems likely that most vapor traverses the liquid without condensing given that (1) the bubble trap liquids should be near saturation conditions (i.e., little-to-no subcooling) at all times since they presumably enter as an equilibrium mixture of liquid and vapor, and heat loss via conduction and advection to other parts of the system is balanced by heat input from below, and (2) the essentially continuous, low levels of hydrothermal tremor (Figures 4e and 5 ) observed throughout the eruption cycle to the north-northeast of the geyser cone (back azimuth of~320-335°N to the seismic station) are consistent with vapor bubbles collapsing at the liquid/vapor interface as opposed to condensing in the liquid.
Liquids entering the system may flow through the bubble trap and lateral conduit into the eruption conduit in order to maintain hydrostatic equilibrium between the eruption conduit and the bubble trap. Vapor entering the system, however, cannot escape the bubble trap (unless it condenses), and thus the vapor mass in the bubble trap will steadily grow. During the recharge phase of the eruption cycle the bubble trap is only partially full of liquid and vapor, and the free surface interfaces in both the eruption conduit and the bubble trap are equal to atmospheric pressure (regardless of absolute depth). However, once the volume of the liquid and vapor mixture in the bubble trap is equal to the volume of the bubble trap, itself, any subsequent addition of mass (either liquid or vapor) will cause the vapor to compress. Consider the conditions when the vapor volume, V V0 , and the liquid volume, V L0 , in the bubble trap sum to the volume of the bubble trap (Figure 13b, left) . The liquid level in the eruption conduit, h 0 , is in hydrostatic equilibrium with the pressure in the bubble trap, which will depend on the relative mass fractions of vapor and liquid in the system at this time. This equilibrium fluid level in the eruption conduit can vary during the eruption cycle, and from one eruption cycle to the next. The rise of water level observed before the preplay pulses (Figure 9 ) increases the hydrostatic pressure in the bubble trap, which likely generates the synchronous surface tilt transients ( Figure 9 ) that are composed of an exponential increase followed by a sudden drop at the time when cavitation begins. The exponential rise of both water level and tilt could be explained by thermal expansion of fluids in the system. 
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Þ . The liquid level in the eruption conduit rises by an incremental amount, Δh, but now, while the pressure at the free surface in the eruption conduit is still atmospheric, the trapped vapor in the bubble trap compresses in response to the incremental load, ρ L gΔh. Thus, the compressed vapor volume in the bubble trap acts as a spring that is loaded by the fluid in the eruption conduit, and this provides a model for the flow oscillations of several tens of seconds period observed during preplay (Figure 9 ), eruption, and relaxation (see Karlstrom et al. [2013] , Figure 5 ). Once the vapor becomes compressed the saturation temperature will begin to increase, which will modulate mass flux from evaporation/condensation at the vapor/liquid interface in the bubble trap, and this will affect the liquid, V L1 , and vapor, V V1 , volumes as the system evolves.
The oscillation period, T (s), of this mass-spring system is given by
where V is the compressible volume (m 3 ), β the compressibility of the fluid (Pa À1 ), ρ l and Δh are the density (kg m
À3
) and height (m), respectively, of the liquid column, and A (m 2 ) is the cross section of the conduit.
Assuming that liquid density and cross-sectional area are constant to first order, then the oscillation period of this system depends on the compressibility and volume of the two-phase mixture, V, and the height of the water column above the equilibrium position, Δh (i.e., the load). The compressibility of a two-phase mixture is greater than the compressibility of pure steam, and it depends on the relative mass fractions of liquid and vapor ( Figure S3 .7 in the supporting information) [e.g., Grant and Sorey, 1979] . In addition, the compressibility is also a function of the load, Δh, which modulates the saturation pressure and temperature of bubble trap liquids. The dynamic behavior of the coupled eruption conduit-bubble trap system is thus complex, but we can see that the oscillation period primarily changes in response to changes in liquid/vapor mass fractions (compressibility) and load, assuming that the compressible volume of the bubble trap twophase mixture is constant (i.e., equal to the bubble trap volume).
Qualitatively, the progression from longer (~60 s) periods during preplay to shorter (~20-30 s) periods during eruption and relaxation is consistent with an increase in the vapor mass fraction in the bubble trap in response to the pressure drop associated with mass discharge from the system and/or a reduction in load. Substituting plausible values for conduit diameter (area) into equation (3), we find that the 60 s oscillations observed during preplay are consistent with values of 6-70 m 4 for the product VΔh, depending on saturation temperature and the relative proportions of vapor and liquid forming the compressible mixture. The reduction in oscillation period to 30 s during posteruption relaxation is consistent with the withdrawal of water mass during the eruption (VΔh decreases by factor of 3-10). These VΔh values are of the proper scale for a shallow geyser system, indicating that the mass-spring model provides a plausible explanation for the flow oscillations observed leading up to, and immediately following, each eruption. These water level oscillations in the conduit play an important role in the preplay dynamics as they increase the amplitude of the dynamic pressure variations that trigger cavitation and vapor generation.
The Geyser Conduit Nozzle and Implications of Flow Choking
The presence of a nozzle or constriction in the eruption conduit plays a key role in generating the eruption fountain [Karlstrom et al., 2013] and pressurizing the reservoir. As fluids flow through the nozzle they experience a pressure drop (and acceleration) proportional to the change in cross-sectional flow area. If the fluid is close enough to saturation conditions then this pressure drop triggers cavitation in the constriction, and fountaining is initiated by volume expansion associated with vapor generation. In this sense the nozzle acts as a siphon that reduces pressure at the vent and increases fluid discharge rates out of the system, which in turn initiates an unstable feedback with vapor pressure in the bubble trap as the cavitation rate increases in response to unloading. As the eruption progresses, the pressure difference between the nozzle exit and the vapor pressure in the bubble trap rapidly increases until the nozzle becomes choked. Once the nozzle is choked, mass flux cannot increase further but vigorous cavitation continues in the bubble trap and vapor pressure continues to grow.
In this sense, we can conceptualize the nozzle as a valve that turns the bubble trap into a pressure cooker. We do not have any direct measurements of the overpressure that develops in the bubble trap, but Karlstrom et al.
[2013] estimated a vent exit pressure of 1.2 MPa based on the expansion angle of fluids discharging from the cone during the eruption. This provides a minimum bound on the bubble trap vapor pressure since it must be greater than the exit pressure to drive flow out of the system. If we assume, for example, that the eruption conduit has a head of~10 m, then hydrostatic pressure in the bubble trap will be~0.2 MPa. Thus, pressures in the bubble trap are more than an order of magnitude greater than hydrostatic when flow is choked at the nozzle. Whereas saturation temperature for a hydrostatic pressure of~0.2 MPa is~120°C, at a pressure of~1.2 MPa it rises to~188°C, demonstrating that the saturated vapor pressure and temperature of bubble trap fluids increases dramatically in response to flow choking during an eruption. These high pressures and temperatures will significantly reduce the compressibility of the two-phase mixture in the reservoir ( Figure S3 .7), consistent with the decrease in flow oscillation period observed during eruption.
Similarity With Geophysical Signals Recorded in Active Volcanoes
Nearly three decades ago, it was proposed that Volcanic seismicity that can specifically be attributed to activity of magma within conduits (in contrast to tectonic events or rock falls, for example) may have analogies in geyser systems that are amenable to detailed studies not possible at most volcanoes [Kieffer, 1984] . Indeed, a multitude of signals recorded at Lone Star geyser resemble those measured in volcanic systems, in particular those generating Hawaiian and Strombolian eruptions. The similarities may provide insights into the role of aqueous fluids and gas slugs in the eruption process at volcanoes, and provide constraints for distinguishing between processes controlled by magma and those controlled by low viscosity and lowdensity aqueous fluids. Here we highlight some of our insights that could be used to interpret signals recorded at volcanoes and test or even improve physical models of volcanic processes.
The observed saw-tooth like tilt signals associated with Lone Star's eruptions (section 3.2) have similar forms to tilt transients recorded at Kilauea [Anderson et al., 2014] and Montserrat [Costa et al., 2013] . Both in Lone Star geyser and in these volcanoes the tilt transients record the mechanical response to periodic release of aqueous fluid or magma from a pressurized source. While in the Kilauea case, the resistance to magma liberation mainly originates from the mechanical behavior of the surrounding rocks, in Lone Star geyser the hydraulic head blocks the system until an extensive water phase change increases the volume and pressure that leads to the emptying of the cavity.
Several mechanisms have been proposed for producing VLP and ULP seismic signals that are now widely recorded at active volcanoes. A common feature of models for volcanic VLP signals is that they invoke an identical, repetitive source process, indicating a nondestructive source mechanism, produced by mass (and heat) advection in deformable conduits [e.g., Chouet et al., 2003; Kazahaya et al., 2011; Lyons and Waite, 2011; Patrick et al., 2011; Sanderson et al., 2010] . For example, VLP data recorded during the 1997 explosive activity at Stromboli Volcano in Italy was modeled as volumetric changes in conduits produced by the piston-like action of the magma as a gas slug transited through variable conduit geometries [Chouet et al., 2003] . The repetitive nature of the ULP signals at Lone Star we attribute to gas slugs may thus have a magmatic equivalent. Episodic and self-similar ultralong period (ULP) signals coincident with eruptive activity and gas venting were recorded near the active vent at Santiaguito Volcano in Guatemala [Sanderson et al., 2010] . Similar to the signal in Lone Star, the ULP signals were associated with long-period rotational motion rather than horizontal translation. The source of the ULP signals, modeled as a Mogi point source, was offset from the center of the vent, similar to the offset cavity in Lone Star. The similarity between the signals and inferred processes in Santiaguito Volcano and Lone Star geyser implies that in both systems depressurization of the underlying system is dominated by episodic transport of heat and mass from a reservoir laterally offset from the vent, which may function as a bubble trap [Belousov et al., 2013] , through fractures with complex geometries, to the surface.
The deformation associated with the Lone Star geyser eruption cycle recorded on all tiltmeters surrounding the geyser cone (Figure 1 ) is a reminder that geothermal systems can also be the source of deformation at volcanoes. Several numerical modeling studies have demonstrated that multiphase flow transients in the shallow hydrothermal system might be the source of observed vertical displacements in some calderas rather than magma intrusion [Hurwitz et al., 2007; Hutnak et al., 2009; Todesco, 2009; Rinaldi et al., 2010; Fournier and Chardot, 2012] .
Future Studies
In order to better characterize the subsurface fracture and conduit geometry as well as multiphase fluid dynamics of geysers, it will be helpful to deploy dense seismometer and perform electrical resistivity tomographies. High spatial-resolution gravity measurements may be helpful as well, although results from our study suggest that gravity signals may be small. Ground Penetrating Radar might provide information on the very shallow (a few meters) structures in the subsurface, and LiDAR and ground-based radar interferometry surveys at high temporal resolution could provide images of ground deformation patterns at high spatial resolution, which in turn could improve constraints on the location of pressure sources. Contemporaneous measurements of pressure and temperature evolution in geyser conduits are needed to guide the development of coupled thermodynamic and fluid dynamic models. In order to comprehend the multiphase fluid dynamics of geyser systems, it will be necessary to improve our understanding of heat transfer between the different components of the geyser system, the conversion of heat to mechanical energy, and the properties of two-phase fluids [Lu and Kieffer, 2009] . In particular, we need to understand how these fluids behave during flow across nozzles, how and when they cavitate, and what is their compressibility.
Conclusions
On the basis of this study we conclude the following:
1. Periodic signals observed over 32 consecutive eruption cycles by multiple instruments include a 3:00 ± 0:16 h eruption interval, ULPs with durations of~4 min and intervals of~26 ± 8 min, internal flow oscillations with periods of~60 s during preplay and~30 s during relaxation, and 1-30 Hz hydrothermal tremor. 2. Lone Star geyser generates continuous hydrothermal tremor, representing collapse and/or nucleation of vapor bubbles, from a region to the northeast of the eruption conduit that is presumed to coincide with the location of a subsurface reservoir (bubble trap). The tremor is concentrated in two main frequency bands, 1-8 Hz and 15-25 Hz that did not vary during the 4 day experiment. 3. Pulses of high-amplitude tremor are generated from a location beneath the geyser conduit during times when fluids are being discharged from the vent (preplay and eruption). These high-amplitude pulses likely represent cavitation induced by the pressure drop associated with water discharge from the system. The systematically decreasing time delay between fluid discharge and tremor onset leading up to the eruption during the preplay stage is interpreted to result from steadily increasing geyser conduit temperatures during this phase of the eruption cycle.5. We model the flow oscillations of 30-60 s as resulting from the dynamical behavior of a mass-spring system, where the hydrostatic load in the geyser conduit represents the mass, and a compressible, two-phase (vapor/liquid) mixture in the bubble trap acts as the spring. These oscillations play a role in the preeruptive dynamics as they produce large dynamic changes of hydrostatic pressure in the system that favor cavitation boiling. 6. We attribute the geyser's dynamical behavior to thermomechanical coupling between the geyser conduit and a laterally offset reservoir (bubble trap) that stores energy in the form of compressed fluid. Eruptions occur when a nonlinear feedback between unloading of the system (via water discharge) and vapor generation (via cavitation) is initiated that accelerates vertical fluid velocities in the geyser conduit. This unstable situation is arrested by flow choking at a constriction/nozzle in the eruption conduit [Karlstrom et al., 2013] , which in turn generates high pressures (>1.2 MPa) and temperatures (>188°C) upstream of the nozzle. 7. The subsurface dynamical processes associated with the geyser eruption cycle generate systematic, but heterogeneous, patterns of ground surface deformation. The average deformation pattern is consistent with gradual pressurization and inflation of the system leading up to an eruption, and rapid depressurization and deflation associated with mass discharge during an eruption.
